Abstract Despite the publication of several software tools for analysis of glycopeptide tandem mass spectra, there remains a lack of consensus regarding the most effective and appropriate methods. In part, this reflects problems with applying standard methods for proteomics database searching and false discovery rate calculation. While the analysis of small posttranslational modifications (PTMs) may be regarded as an extension of proteomics database searching, glycosylation requires specialized approaches. This is because glycans are large and heterogeneous by nature, causing glycopeptides to exist as multiple glycosylated variants. Thus, the mass of the peptide cannot be calculated directly from that of the intact glycopeptide. In addition, the chemical nature of the glycan strongly influences product ion patterns observed for glycopeptides. As a result, glycopeptidomics requires specialized bioinformatics methods. We summarize the recent progress towards a consensus for effective glycopeptide tandem mass spectrometric analysis.
Introduction
Analysis of intact glycopeptides entails analytical and informatics methods tailored to their hybrid nature. Unlike smaller PTMs, glycosylation is heterogeneous, making extension of traditional proteomics database searching problematic. In addition, glycosylation diminishes the strength of MS signals and results in ion suppression. As a result, investigators often enrich glycopeptides to eliminate competition from nonglycosylated peptides for ion signal [1] .
The purpose of this review is to orient researchers from the proteomics or glycoscience fields who wish to use MS methods for glycopeptides. Readers interested in the use of proteomics for analysis of deglycosylated peptides are referred to a recent review [2] . In addition, a number of reviews of informatics methods for analysis of glycopeptide mass spectra have appeared [3] [4] [5] [6] [7] .
We summarize database search methods in traditional proteomics and post-translational modification (PTM) proteomics, which shed light on the identification of glycopeptides. We then describe MS approaches for glycopeptide analysis and compare the effectiveness of tandem mass spectrometric dissociation methods. We finish with a summary of published and commercial tools and discuss approaches for false discovery rate calculation.
Summary of proteomics database search approaches
Accurate mass measurement does not suffice for assignment of glycopeptides even when the protein sequence is known [8] . This limitation arises from the multiplicity of chemical forms that result from the non-template driven biosynthetic processes that add glycosylation in the endoplasmic reticulum and the Golgi apparatus. Note that this complexity multiples when one considers other common modifications to peptides including oxidation, deamidation, dehydration, and partial proteolytic digestion. Thus, on the one hand, accurate mass measurement will not define glycopeptide composition adequately; on the other, the number of molecular forms results in a large search space for interpretation of glycopeptide tandem mass spectra.
In the early days of biomolecular mass spectrometry, the intent was to sequence proteins directly using fragmentation patterns generated from peptides [9, 10] . During this time, the Edman degradation was more effective than mass spectrometry-based methods, particularly those based on liquid secondary ionization mass spectrometry/fast atom bombardment. With the development of electrospray ionization [11] , it became much easier to interface liquid chromatography columns to mass spectrometers and the sensitivity for peptide tandem MS was improved by orders of magnitude. At the same time, researchers realized that it was not necessary to interpret peptide tandem mass spectra from first principles; rather, one could search the tandem mass spectra data against a list derived from genomic information [12, 13] .
Prior to the development of database search strategies, software tools for direct (de novo) interpretation of peptide tandem mass spectra were developed [14] . Such de novo methods calculate the peptide sequence from the mass shifts among product ions and approximate manual interpretation of tandem mass spectra. Modern software that build on de novo concepts include PepNovo [15] , PEAKS [16] and Uninovo [17] . By contrast, database search methods calculate the most probable sequence from the tandem mass spectrum using in silico digested peptides from genomic information. The first database methods included extraction of sequence tags from tandem mass spectra for search against a database (PeptideSearch) [13] and used a cross-correlation function for automated database searches (SEQUEST) [18] . Other database searching methods have appeared, including ProteinProspector [19] , Mascot [20] , X!Tandem [21] , OMSSA [22] , MyriMatch [23] , Andromeda [24] and Comet [25] . Recently, search engines designed specifically for high resolution tandem mass spectra have appeared including Morpheus [26] and MS Amanda [27] . Tools dedicated in integrating search engine results and managing search engines' parameters have also become available [28, 29] .
Post-translational modifications and proteomics
The presence of a PTM multiplies the complexity of the proteome. Thus, the number of chemical forms increases as X n where X = number of post-translationally modified forms and n = the number of modified amino acid residues. For a peptide with a single site of phosphorylation, there are two molecular forms. For a peptide with three sites of phosphorylation, there are 2 3 = 8 molecular forms. For a peptide with three sites of post-translational modification and three modified forms (for example unmodified, phosphorylated, or O-GlcNAcylated), the number of molecular forms is 3 3 = 27. Multiple PTM types and their preferred amino acid residues further complicate the situation. Despite this complexity, it is straightforward to calculate the molecular weight of the peptide using the precursor ion mass and the mass of the PTM group. Thus, traditional proteomics database search approaches are applicable for PTMs with defined molecular structure. These include phosphorylation, acetylation, methylation, ubiquitination, OGlcNAcylation [30] .
Complex glycosylation arises from a series of biosynthetic reactions that do not go to completion. Thus, a given peptide sequence will exist as a set of several glycoforms, multiplying the number of molecular forms by orders of magnitude. Therefore, it is computationally intractable to calculate the molecular weight of the peptide portion of a complex glycopeptide from the intact mass; however, such information can be extracted from a tandem mass spectrum.
Comparison of the effectiveness of collisional versus activated electron dissociation methods for glycopeptides
Ideally, we would like assign both the peptide sequence and glycan structure from a single tandem mass spectrum; however, this is not possible using present technology. One problem is that protonated glycoconjugates undergo rearrangements during collisional heating [31] , rendering it possible to misinterpret the data. Another problem is that detailed structural determination of branched glycans requires permethylation in order to define glycan topology [32, 33] ; this can only be accomplished on released glycans. Realistically, the goal of a glycopeptide tandem MS experiment using present technology should be to establish the peptide sequence, site of glycosylation, and glycan composition.
Commercial instruments offer collisional activated dissociation (CAD), also known as collision-induced dissociation, whereby ions are excited by collision with inert gas molecules, resulting in vibrational excitation. Collisional dissociation may occur by resonant excitation in a trapped ion instrument so as to dissociate a targeted precursor ion m/z window. The majority of product ions have m/z values outside this window and are no longer vibrationally excited. The result is dissociation of the weakest precursor ion bonds with a low degree of subsequent dissociation. Thus, CAD of glycopeptides in a trapped ion instrument results in abundant ions from losses of monosaccharide units from the precursor. Non-resonant dissociation occurs when a beam of precursor ions collides with inert gas atoms, resulting in dissociation. The product ions may retain sufficient kinetic energy to undergo further dissociation. Thus, the extent of dissociation is higher for nonresonant beam-type dissociation such as occurs in triple quadrupole and quadrupole time-of-flight instruments. The so called higher energy collisional dissociation (HCD) term used with Thermo-Fisher™ instruments falls under non-resonant dissociation.
In glycopeptides the glycan dissociates at lower vibrational energies than does the peptide. As a result, a series of glycosidic bond dissociation events occurs before any peptide backbone dissociation in most cases. For many years, the general consensus in the field was that collisional dissociation of glycopeptides did not dissociate the peptide backbone to an appreciable degree. We now know that peptide bond dissociation occurs provided that sufficiently high collision energy is used [34] [35] [36] [37] . Nonetheless, the relative abundances of such peptide backbone cleavage product ions resulting from collisional dissociation is relatively low.
Activated electron dissociation methods including electron capture dissociation (ECD) [38] and electron transfer dissociation (ETD) [39] favor dissociation of the peptide backbone, rather than the glycan, of glycopeptides [40] . Thus, the presence of glycopeptides can be identified by the production of low m/z product ions from HCD tandem mass spectra and used to trigger subsequent ETD [41] . Such experiments would represent the ideal for effective glycoproteomics were it possible to acquire ETD for all glycopeptides that produce oxonium ions detectable by HCD; however, the limitation of ETD is the precursor ion abundance required for efficient glycopeptide dissociation. Even with the most modern instruments, this abundance is considerably higher than that required for collisional dissociation of glycopeptide precursor ions. While ETD is essential for analysis of fragile PTMs including O-GlcNAcylation [42] , it remains unclear the best approach for dissociation of complex glycopeptides. On the one hand, all modern MS instruments carry out collisional dissociation and can produce peptide backbone product ions, albeit in low relative abundances. On the other, while ExD product ion patterns favor peptide backbone dissociation and are more likely to define the sites of glycosylation, the technology is not mature, judging from the fact that the hardware configuration changes from one version of a given instrument to the next. A significant fraction of product ion abundance from ETD goes into formation of a charged reduced species that must be collisionally activated in order for product ions to be detected. Thus, a combination of activated electron dissociation and collisional excitation allows for improved product ion detection [43] . This principle has been used to generate mixed mode product ions for peptides using a combination of ETD and HCD (known as EThcD) [44] ; as shown in Fig. 1 , this approach is useful for analysis of glycopeptides. Ultraviolet photo dissociation is also emerging as an alternative dissociation method for glycopeptides [46, 47] . Figure 1 compares HCD and EThcD tandem mass spectra for an α1-acid glycoprotein glycopeptide. From the HCD tandem mass spectrum (A) peptide backbone product ions were low in abundance. Nonetheless, it was possible to identify the peptide mass and partial sequence from the product ion pattern. The EThcD tandem mass spectrum (B) showed significantly higher peptide backbone product ion abundances. Figure 2 shows a CAD tandem mass spectrum acquired using a Q-TOF mass spectrometer with higher dissociation energy than used in Fig. 1 . Under these conditions, it is possible to detect peptide backbone product ions for glycopeptides [34] .
Database search methods for glycoproteomics
Because glycopeptides are conjugates containing both peptide and glycan, it is necessary to make assumptions regarding the protein(s) and glycan(s) present in the sample. Thus, for a purified or recombinant glycoprotein, it is common practice to assume a single, known, protein sequence. With regard to the glycan, a list curated from a glycomics database is often used. The task then is to assign the peptide sequence and glycan composition from the data using these assumptions.
An idealized workflow for assigning site-specific glycoprotein glycosylation is shown in Fig. 2 . As with the most widely used proteomics workflows, the data are produced using LC-MS. In order to make the workflow vendor neutral, the data are converted into a public format using tools including ProteoWizard [48] or OpenMS [49] . Next, it is necessary to conduct MS preprocessing steps including deconvolution and deisotoping. For this purpose, the DeconTools program is publically available [50, 51] . The user must also define glycopeptide search space that defines the range of theoretical glycopeptides. This search space can be based entirely on assumptions regarding the protein and its degree of purity and the range of glycans present in reference to a public database. A better choice is to refine the search space using proteomics and glycomics data acquired on the sample. The search space is used to assign the compositions of glycopeptides detected in the MS data. Even with exact masses, it is not possible to assign these compositions unambiguously [8] . Tandem mass spectral data must be pre-processed and then assigned with reference to the glycopepide search space. To do this, the peptide mass is determined from the tandem mass spectral data and peptide backbone product ions are used to identify the peptide. Finally, the confidence of the glycopeptide assignment is calculated. At the present time, a consensus regarding the best methods for assigning confidence have yet to emerge.
The following is a detailed discussion of aspects of a glycoproteomics workflow: a. identification of the glycopeptides in a complex proteolytic peptide mixture Fortunately, glycopeptides dissociate to form signature low m/z oxonium ions corresponding to mono-, di-, or oligosaccharides during collisional heating [52, 53] , enabling the use of precursor ion scans to identify glycopeptides in LC-MS data. Therefore, the presence of oxonium ions in a collisional tandem mass spectrum is diagnostic for a glycopeptide and can be used to trigger subsequent activated electron dissociation [41] . Another approach that leverages high resolution, high mass accuracy MS is to use a mass defect classifier to selectively differentiate glycopeptides from nonglycopeptides [54] .
A significant subset of investigators prefer to perform glycopeptide analysis on tryptic digests without glycopeptide enrichment [55, 56] . The advantage to this approach is the simplicity of the workup. The disadvantage is that unglycosylated tend to suppress ionization of glycosylated peptides; because data dependent dissociation algorithms favor analysis of the most abundant precursor ions, selection of glycopeptides will be disfavored. Several methods for enrichment of glycopeptides are available [1] . These include chromatographic or solid-phase enrichment based on increased size or hydrophilicity of glycopeptides relative to non-glycosylated peptides. Fig. 1 Comparison of CAD (a) and electron transfer dissociation (b) for analysis of an alpha-1-acid glycoprotein glycopeptides. Data were acquired using a Thermo-Fisher Scientific Orbitrap Fusion Tribrid mass spectometry system [45] Multiple lectin affinity chromatography has been used to enrich glycoproteins or glycopeptides for proteomics [57, 58] . Enrichment provides the advantage that the majority of peptides detected are glycosylated, making use of data dependent tandem MS more straightforward.
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b. determination of the peptide mass from the tandem mass spectrum and identification of the possible peptide sequences As mentioned above, the appearance of glycopeptide collisional tandem mass spectra depends on whether resonant or non-resonant dissociation is used. In either case, Fig. 2 Idealized workflow for assignment of glycoprotein site-specific N-glycosylation. Raw LC-MS data must first be converted to a public data format and then subjected to pre-processing steps including deconvolution and deisotoping. A glycopeptide search space corresponding to the theoretical glycopeptides is defined using a combination of proteomics and glycomics databases and experimental data. The compositions of glycopeptides detected in the MS dimension are assigned. Glycopeptide tandem mass spectra are assigned by determining the mass of the peptide and glycan portions of the glycopeptides and searching peptide backbone product ions using a proteomics engine. Scoring confidence for glycopeptides is calculated using rigorous bioinformatics principles users can with care develop data acquisition methods in which a series of monosaccharide losses is observed from the precursor ion. This will result in product ions corresponding to a series of peptide + monosaccharide units, for which the peptide mass can be calculated reliably [37, 59] . The peptide mass can then be used to limit the range of peptide sequences and facilitate database search. For ExD tandem mass spectra, abundant peptide backbone product ions are observed but the determination of the mass of the peptide versus glycan portions of the glycopeptide are not as straightforward as for collisional dissociation; typically there is a mass shift observed in the peptide sequence spanning the glycosylation site which in some can cases be used to infer glycan mass. c. Calculation of corresponding glycan mass and monosaccharide composition Once the mass of the peptide portion of the glycopeptide has been determined, calculation of glycan composition depends on assumptions regarding the class of glycosylation, organism, and database used. Because databases contain a large number of glycan compositions, investigators often reduce this number by manual curation based on knowledge of the biological system in question. Even with the relatively limited number of monosaccharides (compared with the 20 amino acids for proteins), and limited glycome size, ambiguous glycan compositions exist. It is common practice to cull a list of glycans from a glycomics database and manually curate according to the needs of the project in question. Databases in common use at the present time include Glycome DB [60] , Unicarb [61] [62] [63] and GlyTouCan [64] d. Methods for evaluation of the statistical significance of proteomics data: lessons for glycoproteomics. As used in proteomics [65] , false positive rate (FPR) is the probability that the score for a tandem mass spectrum exceeds the threshold to match that of a random peptidespectrum match (PSM). False discovery rate (FDR) is the proportion of peptide sequence matches (PSMs) that are incorrect. In order to solve the problem that proteomics search engines return results for even unmatchable tandem mass spectra, the target-decoy approach (TDA) [66, 67] was developed. Now the standard for validating database search results, this method distinguishes correct from incorrect identifications through the use of a decoy database, often constructed by reversing the target protein sequences, to estimate the likelihood of a spurious match. Essentially, TDA allows calculation of the hit number in the decoy versus target database. Thus, the more peptides in the dataset, the better the estimation of false discovery rate; as the number of peptides in the dataset decreases, so too does the accuracy of the estimation of the FDR [65] .
Pevzner et al. argue against use of TDA for calculation of FDR [65, 68] . TDA is an approximation of a permutation test as a simulation of tandem mass spectra, used to test for spurious matches in high throughput experiments based on the number of permutations that are consistent with the observed case. It makes assumptions about the probability of false positives under a particular score from a given test. This black-box approach leads to concern about inappropriate use of TDA with scoring functions that violate the assumptions of TDA. The problem is that TDA does not determine the statistical significance of individual PSMs, thus it is possible for a PSM with a poor score to fall above the threshold for true positives. PSM-level false positive rates (FPRs) do not suffer from such limitations of TDA-based estimation of FDR. Thus, TDA is not appropriate for evaluating individual peptide identifications and this is a problem given the need to characterize individual tandem mass spectra. The use of these more granular FPRs to calculate FDR is more rigorous.
In proteomics, peptide identification statistics are used to evaluate confidence in the discovery of individual peptides. Often these results are presented in the form of a pvalue or probability under a null hypothesis. The less likely an outcome under the null hypothesis, the more significant the result; however, significant results are important if and only if the null hypothesis is well designed and appropriate to the experiment performed. It is still possible for a seemingly significant result to be true under the null hypothesis by random chance. At present, there are several schemes for formulating a null hypothesis in proteomics; however, not all are universally appropriate or rigorously defined.
In statistics, the FDR is usually estimated as a function of the number of false positives compared to the total number of positive outcomes. Despite the fact that in proteomics the term FDR appears to have become synonymous with TDA, the use of p-values would improve the extent to which biologically significant results could be extracted from proteomics data sets. The q-value calculation method developed by Storey [69] produces an alternative statistic based on the p-value distribution of an experiment and the false positive rate that describes the minimum false discovery rate for significance of a given result. This is the standard approach used in genomics. It is also the foundation of the proteomics tools MS-GF [68, 70] and Percolator [17, 71] . Unfortunately, these methods require modification in order to be applicable to glycoproteomics.
The use of FPR for glycoproteomics would allow calculation of p-values for individual glycopeptide tandem mass spectra, giving rise to a rigorous basis for differentiating true and false positive identifications. The use of pvalue would allow direct assessment of the data validity in a manner that does not depend on the definition of a decoy database. Each glycopeptide glycoform in some ways resembles the existence of rare PTM-modified peptides in that each tandem mass spectrum requires individual evaluation that is best accomplished by calculating spectrumlevel p-values. Unfortunately, some of the most widely used proteomics search engines (for example Sequest and Mascot) do not allow calculation of such statistics [65] . e. Statistical methods used by glycoproteomics search algorithms It is important to consider carefully the assumptions made by glycoproteomics algorithms. While the need for statistical rigor may not be apparent immediately, the ability to define confidence of assignments in a consistent manner is lacking in the glycoproteomics field. Consider the assumptions regarding the number of proteins/ glycoproteins present in a sample and the glycans present. Such samples should be considered as proteomes that contain a range of common protein modifications resulting from glycosylation, other PTMs, oxidations, deamidations and others. Processing such samples consisting of populations of proteoforms results in proteolytic peptide variants. Thus, the sample complexity is higher than often assumed, requiring statistical rigor. With regard to the glycan portion, the glycome distribution is extracted from a glycomics database. The question regarding the reasonable glycans to consider often relies on manual curation based on expert knowledge and/or preferences. In direct analogy to the methods used for smaller PTMs, glycopeptide tandem mass spectra can be scored using standard proteomics database searching algorithms by extracting the unmodified peptide mass and removing the ions corresponding to losses of saccharides from the precursor ion.
f. Summary of glycopeptide tandem MS analysis algorithms
The following is a summary of software tools for interpretation of intact glycopeptide mass spectral data. Approaches that analyze deglycosylated peptides using proteomics approaches are not included.
Software tools that calculate glycopeptide composition from MS-only data will not be summarized in detail. These include: GlycoMod [72] , GlycoX [73] , Glyco peakfinder [74] , GlycoPep DB [75] , GlycoMiner [76] , and GlycoSpectrumScan [77] .
Software tools that interpret glycopeptide tandem mass spectra
Sweet substitute [78] creates theoretical deconvoluted and deisotoped collisional dissociation glycopeptide QTOF-type tandem mass spectra against which actual data may be compared. The authors acknowledged that peak height modeling for ions produced by glycan dissociation of glycopeptide precursor ions is challenging due to the difficulty in standardizing acquisition parameters necessary for reproducible product ion abundances.
GlyDB [79] assigns glycopeptides using low resolution CID tandem mass spectra. A glycan database is converted into a linear notation to allow searching of the tandem mass spectra using the Sequest proteomics search engine [12] .
Peptoonist [80] uses a proteomics database engine to assign unmodified peptides in a digest and then assigns glycopeptides by fitting the stable isotope cluster and/or tandem mass spectra. The algorithm recalibrates the MS data in order to achieve optimal mass accuracy. Glycopeptide tandem mass spectra are scored against a glycopeptide search space constructed from the assumed peptide sequence and a set of biosynthetically reasonable N-glycans. The authors state that while it would be ideal to have a scoring system based on rigorous statistical principles using known glycopeptides, this was not possible due to the paucity of high quality validated data. In lieu of this, they used an informal procedure whereby envelope quality and mass match were transformed into a score using a logistic function.
Medicel N-glycopeptide library [81, 82] is intended to assign glycopeptides from complex biological mixtures using deconvoluted glycopeptide tandem mass spectra as the input. The algorithm calculates theoretical glycopeptides from the UniProt [83] database, then groups the glycopeptide tandem mass spectra, and matches them against the theoretical glycopeptide library. The algorithm specifies that tandem mass spectra must contain a peptide + HexNAc ion so as to calculate the respective masses of the peptide and glycan. The algorithm then calculates theoretical glycan compositions and attempts to match theoretical versus observed glycan fragmentation, assuming there is no peptide fragmentation. The algorithm uses a target decoy database generated using reversed peptide sequences that contain the N-glycosylation sequon. The algorithm calculates the probability that a random set of product ions matches the measured tandem mass spectrum in comparison to the product ions calculated for a given candidate glycopeptide. This scoring method resembles the Ascore used to describe confidence in localization of posttranslational modifications in proteomics [84] .
GlyPID [85, 86] clusters glycopeptides in a reversed phase LC-MS dataset based on observed series of masses differing by monosaccharide units in MS data. It then scores tandem mass spectra on these ions. The algorithm assigns glycopeptide monoisotopic ions and charge states using a method to filter isotopic clusters for consistency. The algorithm scores each cluster of co-eluting glycopeptides using MS and tandem MS data. This relative significance score is converted into a probability score (P-value) according to a normal distribution.
GlycoPeptideSearch [87] assigns glycopeptide structure from collisional dissociation tandem mass spectra. The algorithm searches tandem mass spectra for oxonium ions, then checks for product ions that correspond to peptide with up to three monosaccharide residues attached. The mass of the glycan calculated from the tandem mass spectra is then searched against a set of glycans extracted from GlycomeDB [60] . They calculate FDR using the ratio of possible matches for a given spectrum against structures in the database.
GlycoPep grader [88] calculates theoretical glycopeptide compositions from the target glycoprotein sequences and a set of theoretical glycan compositions. Glycopeptide matches were verified against manual assignments. The user inputs candidate glycopeptide compositions generated using GlycoMod [72] or GlycoPeb DB [75] and the algorithm scores these against the tandem MS data. The algorithm generates an FDR value using a decoy database consisting of a set of glycopeptides with neutral mass values within 50 ppm of the measured accurate masses.
GlycoPep detector [89] assigns glycopeptide structure based on ETD tandem mass spectra. Users generate candidate glycopeptides in the same manner as described for GlycoPep grader. The algorithm calculates the theoretical m/z values for c-, z-and y-ions for each candidate glycopeptide, and searches against the ETD tandem mass spectra and assigns a final score. False discovery rate is calculated using a decoy database in the manner described for GlycoPep detector.
GlycoPep Evaluator [90] was developed to address the problem that target-decoy analysis is not appropriate for relatively small datasets, such as those for many glycopeptide samples. This algorithm generates decoy glycopeptides to facilitate determination of FDR. The program calculates 20 mock glycopeptide compositions with masses isobaric to the true glycopeptide and uses them to estimate the false discovery rate for ETD tandem mass spectra.
GlycoFragwork [91] combines label free quantification and glycopeptide identification. The algorithm uses collisional dissociation data to identify the glycan portion and ETD data to identify the peptide. The algorithm uses a TDA approach for the peptide identification.
Sweet-Heart [92] accepts low resolution, low mass accuracy ion-trap tandem mass spectra. Results are used to drive subsequent rounds of MS 3 dissociation to determine the peptide backbone. Reasoning that peptide backbone product ions would be more abundant, these investigators have developed a workflow that includes an MS 3 step of the peptide+HexNAc (Y 1 ) ion [93] . This workflow utilizes the ability of the Thermo-Fisher™ Fusion™ Tribrid to use HCD data to trigger CID in the ion trap and ETD. The ion trap tandem mass spectra were analyzed using Sweet-Heart modified the identification of the peptide+HexNAc (Y 1 ) ion. The HCD and ETD data were processed using Byonic (see below).
GP Finder [56] identifies glycopeptides from deconvoluted, deisotoped collisional dissociation tandem mass spectra acquired for glycopeptides generated using non-specific proteases. The algorithm uses the deconvoluted mass list and filters for diagnostic oxonium ions according to self-consistency among results. The algorithm was used with a decoy strategy in which an 11 Da residue was added to each theoretical glycan composition, thereby preserving the true peptide sequences so as to model effectively matches to peptide and peptide+monosaccharide peaks. Target and decoy libraries were searched against fabricated tandem mass spectra generated by adding 11 Da to each of the product ions. Scores are generated by calculating a base score reflecting how well a candidate glycopeptide matches the tandem mass spectrum, followed by a boost score from self-consistency in the data and adjusting for target-decoy bias.
SweetSEQer [94] uses dynamic programming to build sequentially a path for the peptide sequence and a directed subgraph for the glycan of glycopeptides. Essentially, the algorithm automates the process of assigning product ions resulting from glycan dissociation, allowing users to more rapidly identify glycopeptides from sets of tandem mass spectra.
GlycoMaster DB [95] searches a protein sequence database and a glycan database to identify the peptide-glycan pair that best matches the input tandem mass spectra generated by collisional or activated electron dissociation or mixed dissociation modes. Users provide a list of sequences for the proteins in the sample (glycosylated and unglycosylated) to be considered by the algorithm. The algorithm first filters the tandem mass spectra based on presence of oxonium ions and high m/z ladders from monosaccharide losses to eliminate nonglycosylated peptide tandem mass spectra. The algorithm then assigns the best matching glycan to the observed tandem mass spectrum from a glycan database. The glycan-spectrum match works similarly to those used for peptide identification in which matches to theoretical product ion m/z values are assigned an award or penalty value. The product ions are scored for glycan sequence matches and peptide sequence matches to produce a raw score reflecting the sum of the individual peak scores. If ETD tandem mass spectra are available, the algorithm identifies the peptide from the product ion pattern. If ETD data are not available, the algorithm does not identify the peptide sequence. The investigators used manual interpretation to identify an empirical cutoff for glycan and peptide sequence matches, respectively.
The MAGIC algorithm [37] automates the analysis of glycopeptide tandem mass spectra generated on beam-type (QTOF) instruments using collisional dissociation. The algorithm requires neither a glycosylated protein sequence nor a glycan database. It calculates an in silico deglycoysylated peptide tandem mass spectrum to facilitate use of a proteomics database search to identify the peptide. The algorithm generates a new mascot generic format (MGF) corresponding to the deglycosylated peptide that is used to search a proteomics database. The glycan composition is then assigned using the calculated glycan mass and a lookup table of theoretical compositions.
Commercial software
SimGlycan TM (Premier Biosoft) [96] predicts glycan structure from tandem mass spectra using a database of theoretical fragmentation. The algorithm can be applied to tandem mass spectra for glycopeptides in which the peptide mass is known.
Byonic TM (Protein Metrics, Inc) [97] is a proteomics search engine for discovery research that allows the user to define an unlimited number of modification types. The algorithm is designed to identify glycopeptides without prior knowledge of glycan mass or glycosylation sites. The published version allows one glycosylation per peptide and uses internal tables of glycans to analyze the tandem mass spectra.
Conclusions
While progress has been made in developing approaches for analysis of glycopeptide tandem mass spectra, the methods are still maturing. Even in the more mature field of proteomics, statistically rigorous scoring methods have yet to be adopted widely. As a result, there remains a degree of uncertainty regarding the correctness of glycopeptide assignments that appear in the literature. This uncertainty arises from the underlying complexity of glycoprotein samples. In the first place, it is important to establish sample purity rigorously; when contaminant proteins are present, these should be taken into consideration in the data analysis. Secondly, the complexity of glycosylation is multiplied by the presence of other modifications, including oxidations, dehydrations, deamidations, and missed proteolytic cleavage sites. These modifications should also be considered in analysis of glycoproteomics data. Thirdly, the field needs to move towards statistically rigorous methods for estimating FPR and FDR; the datasets differ fundamentally from those used in proteomics and are likely to require tailored approaches.
